Patients with coarctation of the aorta develop early onset hypertension in spite of early effective repair. This is associated with significant morbidity and is arguably the single most important outcome variable in this patient group. We discuss the potential pathophysiological mechanisms involved in the development of hypertension with clinical reference to monozygotic twins, and review potential strategies for therapy and prevention in this setting.
Coarctation of the aorta (CoA) is classically manifest by a discrete congenital narrowing of the aortic isthmus. It occurs in approximately 1 in 2500 live births and is more prevalent in males. [1] [2] [3] Most patients present in infancy, either acutely due to heart failure following closure of the arterial duct, or on routine screening due to absence of the femoral arterial pulse. Some patients will not present until later life due to either a less significant narrowing or rapid post-natal development of collateral circulation that maintains adequate blood supply to the lower body. Treatment of choice in infancy is surgical repair with excellent short-to-medium term outcomes. 4 In older patients transcatheter management with endovascular stenting is preferable to surgery in many institutions, and provides relief of pressure gradients across the coarctation site. 5 However in both circumstances patients have significant longer term risk for the development of hypertension. [6] [7] [8] [9] Indeed, some reports claim that hypertension is the single most important long-term outcome variable in patients with repaired CoA. 9 Hypertension is associated with significant morbidity and early mortality and although early treatment appears to delay the onset of hypertension, 10 remarkably one third of CoA patients still become hypertensive by adolescence despite early and effective surgical repair. 11 Data beyond adolescence show increasing prevalence with age, and by 50-72 years 90% of patients have documented hypertension. 12 This suggests that hypertension may be an inevitable consequence of CoA, even when an effective anatomical repair has been achieved early in life. Although it is unclear why this may be the case, it is postulated that there is dysfunction of the normal control mechanisms regulating blood pressure during growth and development in patients with repaired CoA. Identifying and preventing such maladaptive processes in CoA presents a challenge that if successful, will provide more effective treatment in the future.
We discuss these early changes in the setting of male monozygotic twins, one with CoA and the other without, and report results of detailed vascular and autonomic assessment in both infants, changes in which have been postulated as major mechanisms driving hypertension following surgical repair. [13] [14] [15] [16] We review the current literature to question whether developmental consequences of CoA condemn individuals to lifelong hypertension, and evaluate whether current treatment strategies are appropriate or whether more targeted interventions could counter the blood pressure dysregulation that is associated with CoA.
EARLY CHANGE-A CASE IN POINT
Previously reported data have suggested increased aortic stiffness 17 and alteration in autonomic cardiac balance 18 in pre-operative neonates with CoA, suggesting an early maladaptive response to mechanisms responsible for longer term blood pressure control (discussed below). With this in mind, we measured non-invasive indices of autonomic balance, large artery stiffness and cardiac output in an 8-month-old male with native CoA and his monozygotic twin. The index case was diagnosed following detection of systolic hypertension (130 mm Hg-95th percentile for patient's length is 104 mm Hg 19 ) while undergoing anesthesia for assessment of airway stridor. Subsequent magnetic resonance imaging demonstrated severe CoA distal to the left subclavian artery, with several collaterals arising from the left subclavian and carotid arteries (Figure 1 ). Spontaneous baroreceptor reflex sensitivity (sBRS) was analyzed using sequence analysis.
To evaluate sympatho-vagal balance both time domain and frequency domain indices of heart rate variability, and frequency domain analysis of blood pressure variability were performed. These assessment techniques have previously been described in detail. 20 Pulse wave velocity as an indicator of large artery stiffness was measured in the right arm using a validated 21 pulse volume recording technique (Vicorder, Skidmore Medical, Bristol, UK), with an inflatable cuff placed proximally and distally on the limb of interest. Cardiac output was measured non-invasively using electrical velocimetry (ICON, Osypka Medical, Berlin, Germany). This is a transthoracic bioimpedence technique that detects changes in thoracic fluid shifts based on changes in transthoracic conductivity, due to alignment of the erythrocytes during early systole, and shows excellent correlation with direct Fick estimates of cardiac output in patients with congenital heart disease. 22 The measurement readings including average resting blood pressure over three recordings are listed in Table 1 . Although no meaningful statistical analyses of these data can be made, it is notable that the sBRS was markedly lower in the index case suggesting dampening of the baroreceptor reflex, as demonstrated previously in infants with CoA. 18 Time domain analyses of heart rate variability were higher in the control twin across all measurements (Figure 2 ), suggesting dominance of parasympathetic over sympathetic modulations in the control infant although wide variability may exist with these indices. Right arm pulse wave velocity values were repeatedly higher in the index case again suggesting large artery stiffness, implicated in systolic hypertension may be affected in the pre-CoA arterial bed, although it is unclear whether this is a consequence or a cause of high systolic blood pressure in this case. Repeat measurements following surgery on the index case were not carried out as continued therapy with a beta-blocker, which was required to control blood pressure, therefore acting as a confounding variable on the recorded parameters.
POTENTIAL MECHANISMS INVOLVED IN THE HYPERTENSIVE RESPONSE
The trend in these measurements is consistent with previous reports suggesting reduced arterial compliance and blunted sBRS in infants with CoA, compared with controls. 17, 18 The genetic homogeneity in this case is interesting and provides a unique opportunity to assess variances in arterial compliance, BRS and cardiac autonomic balance between twin infants, and postulates on how this may affect longer term control of blood pressure.
Hypertension in patients following CoA repair provides a unique insight into the developmental pathophysiology of blood pressure control. Earlier age of repair appears to be somewhat protective, and current practice is to perform surgical repair in neonatal life. However even in these cases there is a period of adequate control in the early years following surgical repair, with significant rises in systolic blood pressure with increasing age. Prevalence ranges vary according to the report; however many investigators would accept that hypertension is Figure 2 Graphical representation of heart rate variability indicating number of successive normal-to-normal RR intervals greater than 5, 10, 20, 30, 40 and 50 ms expressed as a ratio of the total number of normal-to-normal RR intervals in the recording period (pNN5, 10, and so on). The variability is more pronounced in the control twin at all intervals indicating greater high-frequency variations in HR, representative of more pronounced parasympathetic modulation of heart rate variability.
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an inevitable consequence of CoA. For example, Clarkson et al. 6 reported on 160 patients and observed that only 20% of patients were alive without complications and with a normal blood pressure at 25 years follow-up. As discussed, malfunction in a number of systems has been implicated including autonomic control of blood pressure, [13] [14] impaired vascular function [15] [16] and hyperactivation of the renin-angiotensin system; [23] [24] however, studies to date have mostly concentrated on individual systems.
Endothelial dysfunction
Apart from reduced arterial compliance and blunted baroreceptor sensitivity, other systems have been implicated in the early hypertensive response seen in post-operative CoA patients. Reduced endothelial function has been demonstrated in post-coarctectomy patients, and has been suggested as a cause of hypertension. Reduced vascular reactivity appears to be restricted to the pre-stenotic arterial tree, 25 and subsequent studies have demonstrated that these changes do not appear to be related to timing of surgery suggesting early changes in control of vascular reactivity. 10, 26 Whether this represents early programming is unclear, as this mechanism has not been studied in young pre-operative patients, and adult studies generally recognize endothelial dysfunction as a consequence rather than a cause of hypertension. Diffuse endothelial dysfunction is also likely to affect peripheral vascular resistance, which has the most profound effects on mean and diastolic blood pressure values rather than systolic values and pulse pressure that are commonly raised in hypertensive CoA patients.
Renin-angiotensin system
Early studies examining the impact of the renin-angiotensin system on hypertension in CoA, concentrated on plasma renin levels with equivocal results, mostly demonstrating no significant increases in these levels in CoA patients. [27] [28] [29] Subsequent studies have evaluated renin levels following alterations to resting homeostasis, such as fluid depletion or exercise. 30, 31 Although Parker et al. 30 demonstrated increased pre-operative plasma renin levels following significant volume depletion, the subjects studied were older children (5-16 years) and the values were normalized post-operatively including in those who remained hypertensive, thereby making a causal link for sustained long-term hypertension unlikely. Currently most centers repair CoA in neonatal life, and thus a prolonged period of renal hypoperfusion is not normal with transductal flow ensuring adequate renal perfusion before birth. In patients with late presentation of CoA, there is often significant collateral circulation ensuring that renal perfusion is not significantly affected. However, hypertension remains common suggesting that persistently elevated levels of renal renin or angiotensin are not the primary mechanism involved in the development of long-term hypertension in these patients. It is less clear whether the upper body blood pressure increases, seen with developing coarctation, induce changes in the overall number or sensitivity of angiotensin II type I receptors in the brain. Sangaleti et al. 32 have demonstrated that coarctation hypertension in the rat is associated with hyperactivity of the brain renin-angiotensin system as indicated by increased expression of angiotensin II type I receptors mRNA in brainstem areas, known to participate in cardiovascular control. It is possible that these receptors are involved in the progression of hypertension in post-coarctectomy patients involving the cardiac baroreceptor. This is more likely than a direct effect of angiotensin II on the arteriolar bed, as this would not explain the differential changes seen in the upper and lower body although it is possible that tissue angiotensin II production may be increased from vessels exposed to high-shear stress. Also the expected effect of increased peripheral vascular resistance with angiotensin II is not typical of the systolic hypertension seen in CoA.
Multiple system involvement
It is possible that more than one of the systems described above are involved in the delayed hypertensive response seen in patients following CoA repair. Initial evidence for links between abnormal arterial structure and baroreceptor functioning was suggested by Sehested et al. 14 The authors examined fresh resected coarctation tissue and demonstrated reduced isometric tension induced by potassium, noradrenaline and prostaglandin in the pre-stenotic aortic tissue compared with the post-stenotic area indicating reduced contractility of the pre-stenotic aorta. This was associated with increased collagen and reduced smooth muscle content of the pre-stenotic aortic wall. The authors postulated that aortic arch baroreceptors in this prestenotic area may be activated less at a given pressure than receptors placed in a vessel, with normal distensibility thus allowing a higher pressure to be tolerated by the cardiac baroreflex. The inter-relationship between reduced arterial compliance and a less sensitive baroreceptor reflex has been examined in other forms of secondary hypertension, 33 but has yet to be reported in patients with CoA. The progression in this inter-relationship throughout childhood when control mechanisms are potentially set for life, is also of significant interest. For example, it is unclear whether the baroreceptor reflex is dysfunctional from an early age, and is therefore predictive of those likely to develop hypertension, or whether it becomes progressively less sensitive throughout childhood in conjunction with changes in vascular function. Our group has previously demonstrated a reduction in baroreceptor gain and heart rate variability of approximately 40% in pre-operative neonates, with CoA compared with controls, suggesting early maladaptive autonomic control of blood pressure. 18 We postulated that failure of these control mechanisms to normalize in some patients could cause long-term impediments to normal blood pressure control, possibly leading to hypertension. Since then we have followed up this group of patients and found that the initial autonomic dysfunction between the two groups had normalized by 5 years of age. 20 As there was no difference in blood pressure between the two groups at this early age, it is difficult to be sure of the implications of these findings, but they do mirror findings in animal work. 34 As previously mentioned, similar studies have been carried out in neonates looking at aortic compliance in order to examine the effects of CoA on fetal and early neonatal arterial stiffness. Vogt et al. 17 measured local arterial stiffness indices and distensibility in the ascending and descending aortas of pre-and post-operative CoA neonates, and compared these values to matched controls. The authors demonstrated significantly reduced distensibility and increased stiffness indices in the ascending aortas of the pre-and post operative group, when compared with controls. There was no difference in the elastic properties of the descending aorta between the two groups. The same group was prospectively re-evaluated at 3 years of age, and aortic elastic properties were measured in a similar fashion. 35 Persisting impairment of local elastic properties of the ascending aorta was noted in the CoA group, when compared with controls; however, again correlation between these findings and the longer term risk of hypertension was not possible. As the studies discussed above have not been able to correlate changes in autonomic control or arterial compliance to blood pressure values, we recruited adolescent CoA patients and related autonomic, vascular and cardiac output measurements to ambulatory blood pressure. 36 Our results are similar to those of previous studies demonstrating a 30% incidence of hypertension in this age group, despite early effective surgical repair. We demonstrated increased aortic pulse wave velocity in the hypertensive CoA patients, compared with both normotensive CoA patients and controls. This was associated with a compensatory increase in sBRS in the normotensive CoA group compared with controls, which is not present in the hypertensive group. There was also a reduction in stroke volume in the normotensive group compared with the hypertensive group, suggesting the possibility that increased sBRS in the normotensive CoA group may generate normal blood pressure control via effects on cardiac output. Failure of this control mechanism may be the final pathway to establishing hypertension in these patients.
TREATMENT
In the case discussed above, the CoA twin was treated before surgery with atenolol due to some evidence that beta-blockade reduces the degree of acute post-operative hypertension. 37 Commonly, patients develop significant increases in their blood pressure in the early post-operative phase. Reports have suggested that this is related to resetting of the systemic arterial baroreceptor to the elevated blood pressure. 13, 14 The subsequent acute unloading of the baroreceptors in the post-operative phase may then lead to an increase in sympathetic outflow, and thus an increase in arterial pressure. 38 There appears to be a phase of adaptation following surgery and in most cases where early surgical repair has taken place, blood pressure settles down to normal levels throughout early childhood. However, increases in both resting-and exercise-induced blood pressure are reported from adolescence. Indeed exercise-induced hypertension is thought to predict the onset of established hypertension, and is therefore considered important in the overall assessment of this patient group. 39, 40 It is possible that the increases in cardiac output, seen with exercise, ejected into a less compliant aorta lead to significant increases in systolic blood pressure, which normalizes when cardiac output returns to normal. Further aortic remodeling and stiffening induced by continuing low velocity shear may lead to changes in baroreceptor sensitivity and progression toward established hypertension.
However, without fully understanding the exact mechanisms involved in the development of established hypertension in patients with CoA, optimum medical treatment cannot be fully elucidated. Most published reports focus on treatment of early post-operative hypertension; however, it is the established increases in systolic blood pressure that are associated with long-term morbidity and mortality and thus should be the focus of our attention. It is clear from numerous studies that hypertension is inadequately treated in these patients, 11, 12 with Hager et al. 12 demonstrating up to 40% of patients with established hypertension in the setting of repaired CoA are without anti-hypertensive medication. The mainstay of treatment in many units consists of continuation of initial therapy with betablockade, and although there is some evidence that this may be effective against mechanisms driving hypertension in the early postoperative phase, there are no published data on its efficacy in older patients with established disease. A recent report has demonstrated that ramipril decreases the expression of pro-inflammatory cytokines in normotensive patients with CoA. 41 Targeting agents with potential anti-inflammatory effects may be prudent, as the endothelial dysfunction seen in patients with CoA may be a consequence of inflammation driven by abnormal flow dynamics at the repair site, or as a consequence of a more widespread vasculopathy as part of the 'syndrome' of CoA. Either way, more vigilant follow-up of blood pressure is required along with trials of anti-hypertensive agents in CoA, in order to determine the most appropriate agent to control blood pressure.
A more important question may be whether we can alter the course of changes in blood pressure with early treatment. It is accepted that early surgical intervention reduces the incidence of hypertension on follow-up, but whether or not this merely delays onset is not yet clear, with most recent data suggesting the latter. 11 Early surgery limits the time period in which the aortic arch and arterial baroreceptor system is subjected to increased blood pressure, as well as the arterial remodeling that may accompany the upper body hypertension. It is possible that early prophylactic treatment for hypertension with targeted agents may prevent changes that are associated with hypertension from occurring, and thus improve the long-term outlook for these patients. Significant work remains to be done to provide the platform for such therapies.
